ABSTRACT: Coral allene oxide synthase (cAOS), a fusion protein with 8R-lipoxygenase in Plexaura homomalla, is a hemoprotein with sequence similarity to catalases. cAOS reacts rapidly with the oxidant peracetic acid to form heme compound I and intermediate II. Concomitantly, an electron paramagnetic resonance (EPR) signal with tyrosyl radical-like features, centered at a g-value of 2.004-2.005, is formed. The radical is identified as tyrosyl by changes in EPR spectra when deuterated tyrosine is incorporated in cAOS. The radical location in cAOS is determined by mutagenesis of Y193 and Y209. Upon oxidation, native cAOS and mutant Y209F exhibit the same radical spectrum, but no significant tyrosine radical forms in mutant Y193H, implicating Y193 as the radical site in native cAOS. Estimates of the side chain torsion angles for the radical at Y193, based on the -proton isotropic EPR hyperfine splitting, A iso , are θ 1 ) 21 to 30°and θ 2 ) -99 to -90°. The results show that cAOS can cleave nonsubstrate hydroperoxides by a heterolytic path, although a homolytic course is likely taken in converting the normal substrate, 8R-hydroperoxyeicosatetraenoic acid (8R-HpETE), to product. Coral AOS achieves specificity for the allene oxide formed by selection of the homolytic pathway normally, while it inactivates by the heterolytic path with nonoptimal substrates. Accordingly, with the nonoptimal substrate, 13R-hydroperoxyoctadecadienoic acid (13R-HpODE), mutant Y193H is inactivated after turning over significantly fewer substrate molecules than required to inactivate native cAOS or the Y209F mutant because it cannot absorb oxidizing equivalents by forming a radical at Y193.
Polyunsaturated fatty acids (PUFAs) 1 are rapidly converted to cell signaling molecules in multistep syntheses involving an initial lipoxygenase or prostaglandin synthase step, followed by further enzymatic conversions (1) (2) (3) . These multistep syntheses are regulated by localization of the enzymes in subcellular compartments and by protein-protein associations. Examples include synthesis of leukotriene C 4 at the nuclear envelope of leukocytes (4) and synthesis of jasmonic acid by steps which are thought to begin in chloroplasts and to be completed in peroxisomes of green plant cells (5) . A fusion protein identified in the coral Plexaura homomalla represents a third mode of regulation, in which an N-terminal catalase-like domain is fused to an 8R-lipoxygenase domain (6) . The N-terminal domain (44 kDa) has allene oxide synthase (cAOS) activity with the 8R-hydroperoxide of arachidonic acid (8R-HpETE) in the intact fusion protein, as well as when it is expressed separately, but it does not exhibit catalase activity (7) . Evidence from sequence and spectroscopy has confirmed that the similarity of coral AOS to catalase includes tyrosinate axial ligation to heme iron (6, 8) . Gene fusion events in one organism often suggest functional association of separate proteins in other organisms (9) . The fusion of 8R-lipoxygenase and catalaselike AOS domains in coral is the first instance of coupling lipoxygenase products to a second enzyme with a heme center in which the proximal ligand is tyrosine. This contrasts with known pathways in which lipoxygenase products are converted by the thiolate-ligated cytochrome P450s. To probe the significance of the coral fusion, reactions of the coral AOS domain with a pseudosubstrate of catalases have been examined.
The AOS from coral is not related in sequence (6) to the allene oxide synthases that are abundant in plants (5, (10) (11) (12) . Allene oxide synthase activity in plants is carried out by cytochrome P450 enzymes in the CYP74 group of atypical P450s (2) . Enzymes in this family catalyze isomerizations of fatty acid hydroperoxides without requiring reductants or molecular oxygen (2, 9) . Plant enzymes in the CYP74 family include allene oxide synthases (5, (11) (12) , hydroperoxylyases (HPL) (5, 12) , and divinyl ether synthase (DES) (13) . Animal P450s with catalytic requirements similar to those of the CYP74 enzymes include CYP5A1, thromboxane synthase (14, 15) , which converts prostaglandin H 2 (PGH 2 ) to thromboxane A 2 ; CYP8, prostacyclin synthase (15, 16) , which converts PGH 2 to prostacyclin (PGI 2 ); and CYP2B1, which forms epoxy alcohol products by a mechanism thought to proceed through the same intermediates as those of the AOS reaction (17) . The proposed mechanisms of these P450 enzymes and the proposed cAOS mechanism invoke homolysis of the O-O bond by ferric iron to yield an Fe 4+ -OH intermediate and a protein-bound substrate radical (7, 17) , followed by rapid product formation without substantial substrate reorientation (18) . In known reactions of CYPs with synthetic hydroperoxides, the balance of heterolysis to homolysis of a particular hydroperoxide is delicately controlled by interactions of the oxidants with the protein structure (18) .
It is interesting that coral AOS inactivates rapidly, after turning over only ∼32000 molecules of substrate (7) . Inactivation of cAOS could occur if occasional heterolytic cleavage of the hydroperoxide substrate results in overoxidation of the heme or the protein. In catalases, compound I is formed by heterolysis of hydrogen peroxide and a variety of substrate analogues, ROOH (19) . In some catalases, the subsequent transfer of an electron from tyrosine to the porphyrin π-cation radical of compound I gives intermediate II, with an iron oxyferryl and a protein-bound tyrosine radical (20) (21) (22) (23) . Since cAOS does not react readily with hydrogen peroxide, and it reacts very rapidly (1400 turnovers s ) with its natural substrate, 8R-hydroperoxyeicosatetraenoic acid (8R-HpETE) (7) , it has been of interest to examine whether there are reactions of an intermediate rate, with other hydroperoxides, that might allow cAOS intermediates to be trapped. We reported that cAOS, like bovine liver catalase (BLC), reacts with peracetic acid to form a protein radical with features in the EPR spectrum suggesting tyrosyl as the origin (8) . Tyrosines 214, 235, and 369 in BLC have been discussed most often as possible sites for the radical formed in that enzyme (21, 22) . Recently, the site of radical formation in mutant Proteus mirabilis catalase (PMC) was examined by biophysical techniques (23) . Although PMC does form a radical when tyrosine is substituted for the native phenylalanine at position 194 (equivalent to Y193 in cAOS), it is argued (21, 23) that the BLC radical occurs differently at Y369. Coral AOS has four tyrosines in positions similar to BLC tyrosines: cAOS Y193, Y209, and Y269 and the probable heme ligand, Y353 (equivalent in BLC to Y214, Y230, Y324, and Y357, respectively), but a sequence similar to BLC Y369 and immediate neighbors does not occur in coral AOS (6) . We have examined whether free radical formation in the coral AOS domain involves sequence regions in cAOS that correspond to sequences in catalases. These studies include optical detection of oxidized heme intermediates in cAOS, mutation at two tyrosine sites (Y193 and Y209), and EPR studies of the radicals formed in oxidized native and deuterium-substituted tyrosine cAOS. The results indicate that the mechanism of cAOS inactivation during turnover involves a significant number of heterolytic reactions with hydroperoxides bound nonoptimally in the substrate site.
EXPERIMENTAL PROCEDURES
Chemicals. Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA) and were PAGE purified. Peracetic acid was obtained from Aldrich as a 32% (4.2 M) solution in dilute acetic acid. Deuteriumsubstituted (98%) tyrosines (ring-d 4 , ring-3,5-d 2 , and , -d 2 ) were from Cambridge Isotope Laboratories (Andover, MA). Biochemicals were from Sigma (St. Louis, MO); Ni-NTA resin was from Qiagen (Valencia, CA), and BugBuster protein extraction reagent was from Novagen (Madison, WI). The cAOS substrate 8R-hydroperoxy-9E,11Z-eicosatetraenoic acid (8R-HpETE) was provided by A. R. Brash (Vanderbilt University, Nashville, TN). The nonnatural substrate 13R-hydroperoxy-9Z,11E-octadecadienoic acid (13R-HpODE) was provided by E. H. Oliw (Uppsala University, Uppsala, Sweden).
Expression and Purification of NatiVe and Mutant cAOS. The 43 kDa domain of coral AOS, bearing a C-terminal His 4 tag, was overexpressed in Escherichia coli BL21 as described (7) using an expression construct (7) provided by A. R. Brash (Vanderbilt University, Nashville, TN). Site-directed mutagenesis employed sense and antisense primers and was performed using the Stratagene (La Jolla, CA) QuikChange mutagenesis kit protocol. The sense sequences of native cAOS corresponding to the mutagenesis primers, before mutation, are as follows: Y193, 5′GCG CAT CTT TAC TAC TAT TCT CAA GTA ACG ATG CC3′; Y209, 5′GGT AAA GTG CGT TAT TGT AG ATA TCG AGC3′. The Y codons changed are underlined, and these are substituted in mutagenesis primers by CAC for Y193H and TTC for Y209F. The mutants were confirmed by dideoxy sequencing using a forward primer for the T7 promoter (5′TAA TAC GAC TCA CTA TAG GG3′), which is 116 nucleotides upstream of the BamH1 cloning site; a forward primer corresponding to the cAOS nucleotide sequence 472-491 bp downstream of the ATG of the cAOS coding region (5′GAA GGA GAT GCT GCT GAG G3′), and a reverse primer located 85 nucleotides downstream of the ClaI cloning site (5′CCT GAC GTC TAA GAA ACC3′).
The published protocol for cAOS expression was modified (7), in that antibiotic was omitted from the last step of growth in TB and that cells were lysed using BugBuster protein extraction reagent (Novagen, Madison, WI). Coral AOS mutants were expressed in BL21(DE3) cells, and after the initial culture was diluted into TB, the culture was grown, with rapid shaking, at 37°C until it had absorbance at 600 nm of 1.2. The cells were cooled to 15°C, induced with 0.05 mM IPTG, and then incubated further at 15°C for 24 h, with slow shaking.
Protein Analysis of NatiVe and Mutant cAOS. Aliquots of native and mutant cAOS were purified by reverse-phase HPLC on an analytical C4 column (Phenomenex, 0.46 × 25 cm, 0.7 mL/min) using solvents A ) 0.1% (v/v) TFA in water and B ) 0.07% TFA in acetonitrile (5 min of 25% solvent B followed by a linear gradient to 75% solvent B, changing at 0.5%/min). The majority of the samples appeared as one peak that was collected, lyophilized, and dissolved to 50 µM in 0.1% trifluoroacetic acid. The heme signal was absent after RP-HPLC. Sequencing verified that the Nterminal sequences of the native and mutant proteins were ASMTGGQQMG. However, minor sequences were also found in Y193H, corresponding to initiation at methionines downstream of the majority start sequence. The first 15 of the amino acids in the expressed cAOS coding sequence (7) are a leader sequence, containing two other methionines, from the N-terminus of the T7 gene 10 protein (MASMTG-GQQMGRGST) (24) . The sequence analysis confirms that the first methionine is cleaved from the expressed protein. Approximate molecular masses were determined by MALDI/ TOF mass spectral analysis using BSA as an internal calibrant. Repeated measurements of native and mutant cAOS samples, using the internal calibrant, gave the expected molecular masses to within the accuracy of the MALDI/ TOF method ((0.1-0.2%, 44 Da). To evaluate deuterium incorporation, masses of native-protonated cAOS and the deuterium-substituted protein (substituted with ring-d 4 tyrosine) were determined using a 9.4 T FT-ICR mass spectrometer equipped with an external microelectrospray ionization source (25, 26) . The 40+ charge state was the most intense peak, and it was isolated for detailed mass analysis.
Expression of Deuterium-Tyrosine-Substituted cAOS. BL21 cells for native cAOS expression were grown at 37°C in LB, as reported (7), and were added to 4 volumes of medium containing, in addition to the standard ingredients of TB, deuterium-substituted tyrosine (0.2 mg/mL) and, to inhibit mixing of isotope into other aromatic amino acids, unsubstituted phenylalanine and tryptophan (0.05 mg/mL). The supplemented TB culture was grown at 28°C for 24 h and worked up as reported (7) .
Optical Measurements of cAOS. Optical measurements were performed on a Hewlett-Packard diode array spectrophotometer (model 8453). cAOS was prepared for examination of the effect of pH on heme spectra by making a 100-fold dilution of 0.58 mM cAOS with the appropriate buffers at pH 3-6 (0.15 M citrate/phosphate) and at pH 7-8 (0.1 M potassium phosphate). Absorbance measurements were taken 20 min (room temperature) after the dilution. Conditions of other optical measurements are described in the text.
Oxidation of cAOS. Peracetic acid (4.2 M) was diluted in 4.2 M acetic acid so that the sum of the concentrations of oxidant and acetic acid, and the pH, in the final protein sample was the same in each sample of a set. Further dilutions of peracetic acid in buffers of pH >6.0 were made immediately before use, and conditions were established so that the final pH was 6.8-7.0. Typically, for UV/vis spectroscopy, peracetic acid (24-80 mM in 4.2 M acetic acid) was diluted 100-fold with 0.2 M potassium phosphate, pH 7.0, and 12.5 µL of this solution was added to 987. Enzymatic ActiVity of cAOS. Rates of 8R-HpETE ( 235 nm, 25000) turnover at pH 7.9 (50 mM Tris-HCl) were determined with 2.5-2.7 nM native and mutant cAOS. Cuvette path lengths for different substrate concentrations were 10 mm (7-25 µM), 5 mm (45-80 µM), and 2 mm (100-150 µM). Reactions were initiated by rapid addition of 100 volumes of substrate to 1 volume of enzyme. Initial rates were obtained by linear fits to data points in the first 2-12 s after mixing. Inactivation of native and mutant cAOS, after a limited number of turnovers, was also examined using the nonnatural substrate, 13R-HpODE. cAOS (40-80 nM) and 13R-HpODE (63-90 µM) were mixed in Tris-HCl buffer (50 mM, pH 7.9) in differing proportions. The HpODE remaining was determined from the absorbance at 235 nm ( 25000 M -1 cm -1 ), after a 2 h incubation period at room temperature, by which time substrate turnover had ceased.
EPR Spectroscopy. EPR spectra at X-band (∼9.28 GHz) were recorded on a Varian E 109 spectrometer equipped with an Oxford Instruments ESR9/10 pumped, gas-flow cryostat. Typical conditions for recording radical signals were 10 mT scan range, 80 K, 0.16 mT modulation amplitude, and 1 mW power. Those for recording the heme signal at 80 K were 400 mT scan range, 0.16 mT modulation amplitude, and 1 mW power. The figure legends contain other relevant instrumental parameters. X-Band frequencies were measured at the bridge. Values of the g-factor at the sample were calibrated using the spectrum obtained by freezing a sealed tube (0.5 mm i.d.) of CaO containing a manganous impurity (standard from Bruker BioSpin) in 0.2 M aqueous buffer (MES, pH 7.0) in a 4 mm X-band quartz EPR tube. Values of buffer pH cited for EPR samples were measured at room temperature (∼22°C).
Simulations of EPR Spectra. Line shape simulations were performed using the XSophe program developed by G. R. Hanson and co-workers (available from Bruker BioSpin). Some calculations of tyrosine radical spectra were shortened by including only one -proton (or deuteron) and two ring-3,5 protons (or deuterons). When EPR spectra of deuterated samples were simulated, the proton hyperfine couplings were reduced by the ratio of the deuteron/proton magnetic moments (µ D /µ H ) 0.1535). Values of the simulation parameters for tyrosine radical spectra are given in Table 1 . Line widths are not adjusted for the presence of deuterium. Calculations on an SGI O 2 using the XSophe program, with matrix diagonalization and a Sophe grid of 20 spatial segments and 64 field partitions, required about 15 min for splitting by four protons (I ) 1 / 2 ) and about 2.5 h for two protons and two deuterons (I ) 1).
RESULTS

Stability of cAOS with Variation in pH and
Oxidant. Native cAOS exhibits UV/vis maxima at wavelengths of 280, 406, 500, 540, and 620 nm, and the ratio of absorbances 406 nm/ 280 nm is ∼1. 5 (8) . The ionization of peracetic acid affects the rate of reaction with other hemoproteins (27, 28) , the rate being faster at pH values where the oxidant is not ionized, so the pH stability of cAOS was examined to establish conditions for reactions with oxidant. The optical spectra of cAOS are essentially unchanged in the pH range 8-6, and at pH 5, the heme absorbance at 406 nm is ∼13% decreased. At pH 3 and 4, some precipitation occurs gradually, and the heme absorbance of the sample, clarified by centrifugation, is irreversibly replaced at these low pH values by a broad absorbance centered at ∼370 nm. The cAOS high-spin, ferric heme EPR signal, shown for pH 8. The UV/vis absorbance of cAOS (4-8 µM, pH 7.0) appeared unchanged, after 30 s, upon addition of 1 molar equiv of peracetic acid (adjusted to pH 7.0), but absorbance at 406 nm declined with additions of higher levels of oxidant, and a 10 min incubation period, as illustrated in Figure 1 . The changes after 10 min are irreversible. The optical spectra of 4.2 µM cAOS, treated with 1 molar equiv of oxidant, also remain unchanged after 2 days at 4°C. The Figure 1 inset shows optical spectra of untreated cAOS (dashed line) and cAOS 10 min after treatment with 10 molar equiv of peracetic acid (solid line). Besides decreased absorbance at 406 nm, the absorbance maxima at 500 and 620 nm also decrease with higher than 1 equiv of peracetic acid added. The absorbance at 280 nm appears shifted upward because of the absorbance of the acetate added.
Optical Detection of Oxidized Heme Intermediates. Timedependent changes in cAOS absorbance when 10 molar equiv of peracetic acid is added were monitored by rapid-mix, stopped-flow at pH 7.0 (0.1 M sodium phosphate) and 25°C
. The absorbance at 406 nm underwent a rapid initial exponential decrease at ∼350 s -1 with a partial recovery after 0.8-1.5 s. Time-dependent absorbance changes were also measured at wavelengths characteristic of catalase compound I (660 nm) and intermediate II (435 nm) (22 Representative absorbance changes at these three wavelengths, over a 2 s period, are illustrated in Figure 2 . The faster changes were monitored in a window of 0.1 s (data not shown).
Reactions, at pH 7.0, of cAOS with m-chloroperbenzoic acid and with hydrogen peroxide were also monitored via cAOS absorbance at 406 nm. After a 10 min incubation period, the 406 nm absorbance was unchanged by addition of 1 equiv of m-chloroperbenzoic acid; however, addition of 20 molar equiv or more of this oxidant results in loss of absorbance at 406 nm and in a transient peak appearing at 720-735 nm. The latter may be similar to a transient peak observed in oxidation of horseradish peroxidase by mchloroperbenzoic acid, but in that case absorbances attributed to compound I and verdoheme are observed at 965 and 670 nm (30) . Reaction of cAOS with a 10-fold molar excess of hydrogen peroxide also results in loss of about half the 406 nm optical absorbance, but the time required is 1.5 h.
Formation of a Tyrosine Radical in Oxidized cAOS. The effects of cAOS oxidation by peracetic acid (1-50 molar equiv, final pH 6.8-7.0), followed by rapid freezing (<10 s), were examined further by EPR spectroscopy. The amplitude of the first-formed radical EPR signal does not increase on addition of more than 1 equiv of peracetic acid; however, the amount of recovered high-spin ferric heme signal decreases as the excess of oxidant increases. The time window for trapping a radical with EPR hyperfine splitting is about 15 s at 4°C. However, by 30 s after mixing, the EPR signal with hyperfine splitting has begun to decay, and samples frozen 1 min after addition of oxidant exhibit a second radical signal of 1.0 mT peak-to-peak width with no hyperfine splitting, also centered at about g ) 2.004-5. When excess oxidant is used, progression to the featureless radical signal is faster (Figure 3) . Samples held at 4°C for longer than ∼90 s, after oxidation by 1 equiv, have highspin ferric heme signals but no radical signals. Together, the EPR and the optical measurements show that the amount of ferric cAOS has already returned to a final value shortly after peracetic acid is added, and transient radicals remain for a longer period. With greater than 1 molar equiv of oxidant, the amplitude of the recovered ferric heme EPR signal diminishes (not shown), but the radical signals remain as shown in Figure 3 . The diminution of the high-spin ferric EPR signal parallels the reduction of the optical absorbance at 406 nm (Figure 1) .
EPR of cAOS Containing Deuterated Tyrosine. The major radical in oxidized cAOS is identified as tyrosyl on the basis of changes in EPR spectra when deuterium-substituted tyrosine is incorporated in the expressed protein (Figure 4) . The experimental spectra ( Figure 4A -C, upper spectra) are compared with computer simulations ( Figure 4A -C, lower spectra) to assign characteristic EPR parameters. The EPR spectrum of unsubstituted cAOS is fit by hyperfine splittings and g-values within the range known for tyrosine radicals in other proteins and models (31) (32) (33) (34) . Most of the calculations included only the three protons of largest hyperfine splitting (the 1 and the 3,5-ring protons), but a few simulations that included all six protons of the spin system were performed, and they differed little from simplified simulations.
High-resolution mass data were obtained by FT-ICR mass spectrometry for native and deuterium-substituted cAOS. The isolated 40+ peaks had maxima corresponding to ∼44680 (mass of 40 protons removed) for native cAOS and ∼44720 for a sample with ring-d 4 tyrosine incorporated. The isolated 40+ peak of the deuterium-substituted sample was about 4 times wider than from the unsubstituted sample. These results are consistent with slightly over 50% incorporation of deuterated tyrosine, distributed randomly over the 18 tyrosines in the cAOS sequence.
cAOS Tyrosine Mutations. The location of the radical formed in cAOS was examined by site-directed mutagenesis and oxidation. Relevant sequences around tyrosines common to cAOS and BLC guided the choice of mutation sites, and these are compared in Table 2 , together with the analogous sequences in P. mirabilis catalase (PMC) (22) . PMC lacks the tyrosines corresponding to cAOS Y193 and Y209, but mutants, in which Tyr replaces the native Phe at sites in PMC corresponding to cAOS Y193 and Y212, have been reported, and these mutant PMC sequences are also indicated in Table  2 . [Mutations at cAOS Y269, in a second sequence with similarity to the BLC sequence, were not prepared because the corresponding site in BLC (Y324) is not a proposed radical site.] The purity of native and mutant cAOS, after Ni-NTA resin and anion-exchange chromatography steps, was monitored by reverse-phase (RP) HPLC (Table 3) and was >87%.
The molecular masses of RP-HPLC-purified cAOS and mutants were determined by MALDI/TOF mass spectrometry, and the N-terminal sequences were determined by amino acid sequencing. Both analyses were consistent with expected masses of native and mutant cAOS with a 14 amino acid N-terminal leader and the C-terminal His 4 tag appended (Table 3) .
Initial measurements of the kinetic constants for native and mutant cAOS reactions with 8R-HpETE (pH 7.9 and 21°C) showed that there was no more than a factor of 2 difference in K m and V max , between mutant and native cAOS. Although 8R-HpETE is the natural substrate of coral AOS, the enzyme is able to turn over other unsaturated fatty acid hydroperoxides. The number of turnovers of 13R-HpODE, before inactivation, was measured to further characterize the enzymatic activity of coral AOS and mutants. The percentage of hydroperoxide consumed after turnover had ceased (2 h) was determined for several concentrations of enzyme and substrate ( Figure 5 ). In all cases, the Y193H cAOS mutant turned over fewer molecules of 13R-HpODE before it inactivated.
EPR spectra of the samples formed by peracetic acid oxidation of native cAOS and the mutant protein, cAOS Y193H, are compared in Figure 6 . For Figure 6 , the spectra were recorded at 3.5 K to amplify the signals of the dilute samples (0.09 mM). Note, by comparison with spectra in Figures 3 and 4 , that the EPR signal of oxidized native cAOS has a broader line width at 3.5 K than at 80 K. Almost no radical signal is observed in oxidized Y193H. EPR spectra of 0.4 mM native and Y193H mutated cAOS were also compared at 80 K. The native protein spectrum is the same as in previous measurements at 80 K ( Figure 4A ), but only a small, narrow signal was observed from the mutant (not shown). The EPR spectrum of the oxidized Y193H sample does retain a high-spin ferric heme signal, however (not shown). Additionally, oxidized native cAOS and Y209F have identical radical signals (not shown). The Y193H mutant was examined twice in a series of experiments in which EPR spectra of native cAOS, Y193H, and native cAOS were 
a Sites of radical formation in BLC discussed in refs 20-23; PMC mutations and radical formation are described in ref 22. b The reported sequence of BLC was determined by Edman amino acid analysis (45) . BLC amino acids 212 and 225 were found to be D by this method, as listed above. However, the human liver catalase sequence (AAK29181), translated from the nucleotide sequence, has N in both of these positions. The occurrence of G immediately after each N makes deamidation at 212 and 225 a likely posttranslational modification of BLC (46) . Thus the nucleotide and protein sequences may differ in this regard. ( SE (n ) 3) . See Figure 5c legend for experimental conditions. 
DISCUSSION
Stoichiometric Oxidation of Coral AOS by Peracetic Acid.
Coral AOS reacts very rapidly with the hydroperoxide substrate 8R-HpETE and about 10-100 times more slowly with other regioisomers of HpETE (7). During these reactions, cAOS inactivates irreversibly after tens of seconds (7) . Although the proposed mechanism of allene oxide synthases involves homolytic cleavage of hydroperoxide, many hemoproteins react with organic hydroperoxides by a mixture of homolysis and heterolysis (18) . Thus, heterolysis, leading to inappropriate heme intermediates for the cAOS reaction, is a possible mode of inactivation of the enzyme. We reported that a radical is formed when peracetic acid reacts with cAOS (8) , and this observation could indicate that a heme compound I intermediate had converted to an intermediate II, in which an amino acid side chain had reduced the porphyrin cation radical in compound I. Examination, by stopped-flow mixing, of cAOS reacting with excess peracetic acid reveals that the reaction indeed passes through compound I, intermediate II, and partially recovered ferric heme in about 1 s (Figure 2 ). The radical persists for >15 s. Reaction of cAOS with a 10-fold molar excess of hydrogen peroxide, at pH 7.0, also results in loss of about half of the heme absorbance, but the reaction is very slow (1.5 h), and m-chloroperbenzoic acid can serve as an oxidant as well. Thus a variety of peroxy compounds, from fatty acid hydroperoxides to small oxidants, can interact with the cAOS heme in reactions of vastly different rates. These reactions are reminiscent of reactions of catalases with peracetic acid. After peracetic acid oxidation of BLC, compound I decays in less than 15 s to an intermediate II (20) . The lifetime of compound I of some other catalases, for instance, Micrococcus luteus and P. mirabilis catalases, is longer (19, 22) .
Assignment of the Parameters of the cAOS Radical EPR Signal. The evidence obtained that, initially, one tyrosine is selectively oxidized in cAOS includes (a) satisfactory simulations of EPR spectra of the cAOS radical from both protonated and deuterated protein, (b) the near absence of a radical EPR signal upon oxidation of Y193H, and (c) a radical EPR signal of the same shape and intensity, freezetrapped 10-15 s after addition of either 1 or 10 molar equiv of peracetic acid.
(a) Simulation of cAOS Radical EPR Signals. Characteristic EPR parameters of the major cAOS radical are within the range found for tyrosine radicals in other proteins, including, in catalases, Y D and Y Z of photosystem II, and ribonucleotide reductases of different origins (summarized in Table 1 of ref 31) , and in prostaglandin synthases (PGHS-1 and PGHS-2) (33, 34) . Most striking is the wide cAOS spectrum (Figure 3 ) compared to the narrower signals observed in oxidized catalases (20, 22) . In breadth, the cAOS radical spectrum is similar to the wide doublet EPR radical signal seen in activated PGHS (33) . An estimate of EPR parameters characteristic of the cAOS radical (Table 1) is based on simulation of the radical spectra of selectively deuterium-substituted cAOS and of the fully protonated protein. Six proton hyperfine splittings contribute to the EPR spectra of tyrosine radicals, although, in the cAOS radical, the major contributions arise from only three, one -methylene proton and the two aromatic ring-3,5 protons. The contribution of the other -methylene proton is constrained by bonding geometry and theory to be small. The magnitude of proton hyperfine splittings in EPR signals of delocalized aromatic radicals is related to the unpaired electron spin density on the carbon to which the proton is attached (ring protons) or on the aromatic carbon to which C-H is attached ( -protons) (35, 36) . The angle between the two C -H bonds is 120°, and the angle they make with the aromatic ring π-orbital axis (heme normal) is designated θ 1 or θ 2 . The relationship between the -proton isotropic hyperfine splitting, A iso , the spin density on aromatic C 1 , F π , and the relevant θ is given by a relation (36) which simplifies to In eq 1, the value of B 2 is ∼162 MHz (36) . The value of A iso for the larger -proton splitting in the cAOS radical spectrum is 45.33 MHz, and θ 1 refers to the orientation of the proton making this contribution. For A iso of this magnitude in a tyrosine radical, θ 1 is considerably smaller than 60°. As a result, θ 2 is close to 90°(cos 2 θ 2 is close to zero) so two, independent equations (eq 1) cannot be obtained, and F π and θ 2 cannot be determined independently. An initial estimate of θ 1 can be made by employing spin densities, 0.32-0.37, established at C 1 of other tyrosine radicals (37) . On this basis, the estimated θ 1 for the tyrosine radical in cAOS is 21 to 30°and, therefore, the θ 2 range is -99°to -90°, respectively. In contrast, EPR-based estimates of θ 1 and θ 2 for the BLC tyrosine radical are 57°and -63° (31) . The adjacent C -C γ bond rotamer influences the conformation of the C 1 -C bond, due to steric interaction between the bulky aromatic ring and the amide nitrogen or carbonyl carbon (38) . The value of θ 1 found for the cAOS tyrosine radical is most consistent with the gauche-C anti-N rotamer about the C -C γ bond in a free tyrosine radical. A number of other steric interactions will, of course, also contribute to 
the preferred conformation of the cAOS protein-bound tyrosine. The hyperfine splittings of the ring-2,6 protons of the cAOS radical are too small to determine accurately by simulation of the cw EPR spectra. The hyperfine splitting values in Table 1 for the ring-2,6 protons have been constrained to satisfy an empirical relation for ring hyperfine splittings in phenoxy radicals, |A iso (ring-3,5) + A iso (ring-2,6)| ) 13.2 ( 0.6 MHz (36).
Deuterium-labeled tyrosine was incorporated in cAOS by adding excess labeled tyrosine at the last transfer of the culture to new medium (a 1:5 dilution), so that less than 100% labeling is expected. Qualitatively, the EPR spectra of the radicals in deuterium-substituted cAOS ( Figure 4B,C) show marked changes for each substitution. FT-ICR mass measurements of ring-d 4 tyrosine-substituted cAOS indicated about 50% isotope incorporation. The fits to experimental tyrosine radical spectra in Figure 4C were made by adding calculations for 50% deuterium in the ring-d 4 protons and for 50% fully protonated tyrosine. Simulating the Figure 4B spectrum, which arises from , -d 2 Tyr substitution, is more problematical because the major radical signal cannot be distinguished well from a background signal such as that shown in Figure 3C or 3D. The simulation given in Figure  4B includes only 20% contribution from the protonated radical. The remaining 80% is simulated with parameters for the , -d 2 Tyr radical, although in reality about 30% of the intensity must arise from the unresolved background signal. The contribution of this background EPR signal is evident in the differences between simulation and experiment in the field range 330-335 mT ( Figure 4A,C) . Since the featureless radical EPR signals (see Figure 3 ) that overlap the resolved tyrosine signals are also centered at about g ) 2.004, these background signals may also be of tyrosine origin. Further studies of the kinetics of cAOS radical formation, and studies of reaction under anaerobic conditions, are planned to examine the lifetime and relaxation of the tyrosyl radical and the origin of the second, featureless radical.
(b) Oxidation of cAOS Mutants. The mutation Y193H of cAOS was chosen because, if Y193 were the radical site, not only the EPR signal might be changed but a histidine radical might be observed as well. Examples of histidine radicals in proteins are limited, probably because histidine has a higher oxidation potential (∼1.2 V, pH 7) than that of tyrosine or tryptophan (0.75 and 0.80 V, respectively, pH 7) (39-41). However, only a small, featureless radical was observed when the Y193H mutant was oxidized ( Figure 6 ). Two interpretations of the spectra in Figure 6 can be made. One is that no radical is formed at position Y193 when it is mutated to histidine and that the small signal observed may be the same as the second signal (as in Figure 3D ) seen when native cAOS is oxidized. The other is that a short-lived histidine radical forms in Y193H and the signal decays before the sample is frozen. In either case, residue 193 plays an important role in transfer of electrons to oxidized heme in cAOS. The Y193H mutant is less stable under turnover conditions with nonnatural fatty acid hydroperoxide substrate than the native enzyme or the Y209F mutant. This was shown by determining how many molecules of 13R-HpODE are consumed before a molecule of cAOS is inactivated ( Figure 5 and Table 3 ). Although initial rates of reaction of native and mutant cAOS with 13R-HpODE are quite similar, the reaction stops after consuming different amounts of hydroperoxide with native and mutant cAOS. These data suggest that one role of radical formation at Y193 is to stabilize coral AOS heme when abnormal interaction with a substrate occurs. In this regard, it is interesting to note that the heme iron in cAOS can return to ferric after a few turnovers of peracetic acid but not after exposure to a large excess of the oxidant.
(c) SelectiVity in Tyrosine Oxidation. The amplitude and shape of the EPR radical signal in oxidized cAOS are essentially the same for addition of 1-10-fold molar excesses of peracetic acid, as long as the sample is frozen within 15 s of mixing. Formation of a radical at a single site is consistent with these results. However, if larger excesses of oxidant, or longer delays before freezing, are used, the characteristic tyrosine radical EPR signal decays and a narrower, featureless signal remains (Figure 3) . It is possible that the site contributing the featureless radical signal is the source of the second electron that partially restores cAOS heme iron to the ferric state.
Possible Structural Similarity of cAOS and Catalases. Sequence alignments in some of the tyrosine-containing regions of cAOS and the catalases from P. mirabilis and Bos taurus are shown in Table 2 . The site of tyrosine radical formation has been considered in both catalases. Distance measurements based on relaxation rates of catalase radicals place the radicals about 15-16 Å from the iron of compound I. The F194Y mutant of the bacterial catalase forms a tyrosine radical on treatment with peracetic acid, whereas no radical is observed in this reaction of the native P. mirabilis enzyme. Y193 in coral AOS and Y214 in BLC occur in sequence positions equivalent to F194Y in mutant PMC catalase. The radical site resulting from oxidation of BLC has not been demonstrated directly, but examination of side chain torsion angles of the tyrosines in the human erythrocyte catalase X-ray structure (22) implicates Y360 as the radical site in erythrocyte catalase. By inference, then, the BLC radical is suggested to be at the equivalent Y369, not Y214 (21) . Mutant F213Y of PMC has also been examined by others, and it does not form a radical (22) . The closest tyrosine to this location that cAOS and BLC have in common is three residues earlier, Y209 in cAOS and Y235 in BLC. We examined this site by mutation of cAOS (Y209F), and a radical EPR signal identical to that of the native protein was obtained, eliminating Y209 in cAOS as the radical site. Although the sequence comparisons of cAOS and catalases have led to finding the site of the cAOS radical, the structure of cAOS has not been determined, so structural comparisons are speculative. The NADPH binding site of catalases is adjacent to the amino acid occupying a site equivalent to cAOS Y193. The tyrosine in BLC that is equivalent to cAOS Y193 is hydrogen bonded to two other residues: the phenolic oxygen is hydrogen bonded to an arginine, and the backbone hydrogen bonds to an asparagine. These hydrogen-bonding partners occur equivalently in the cAOS sequence at R181 and N137. If cAOS does have a structure similar to that of catalases (21, 43) , the phenolic oxygen of Y193 would be held within ∼17 Å of the heme iron by hydrogen bonds of Y193 to N137 and R181, and the R181-Y193 hydrogen bond to phenolic oxygen would facilitate deprotonation and the redox reaction observed. However, the EPR hyperfine splittings of the Y193 tyrosine radical in cAOS are distinctly different than those of mutant PMC (or of BLC), so the side chain torsion angles of Y193 in cAOS are also different from those in the one catalase that has been shown to form a radical at a sequentially equivalent position (PMC Y194).
Relation to Mechanism. Formation of a tyrosine radical in cAOS upon peracetic acid oxidation is best explained by heterolytic, peroxidase-type cleavage of the O-O bond and reduction of compound I by Y193. These steps are confirmed by the stopped-flow optical results shown in Figure 2 . Heterolytic cleavage of a hydroperoxide contrasts with the proposed mechanism for reaction of cAOS with its normal substrate, which is thought to proceed by homolytic cleavage of the O-O bond to form a substrate radical associated with Fe 4+ -OH (17) . Fatty acid hydroperoxides are homolytically cleaved by cytochrome P450 2B1 in a reaction proposed to pass through the same intermediates as the cAOS reaction (17) . But this same P450 reacts with some aromatic hydroperoxides through a mixture of homolysis and heterolysis (18) . Additionally, prostaglandin H synthase-2 (PGHS-2) gives a mixture of heterolytic and homolytic cleavage of alkyl hydroperoxide, while PGHS-1 is more specific (42) . Although the mechanism proposed for coral AOS involves homolytic cleavage of the 8R-HpETE hydroperoxide substrate (17), it is not surprising that it can adopt the heterolytic mode of reaction with some other pseudosubstrates. With a small oxidant, or an improperly positioned hydroperoxide, water also may gain access to the substrate binding site and assist in developing negative charge on the internal oxygen of the hydroperoxide O-O bond, as suggested for the P450 2B1 heterolytic reaction (18) .
Existence of cAOS as a fusion protein with a lipoxygenase suggests a need in coral for a highly selective pathway to a single isomeric allene oxide. Boutaud and Brash (7) examined the fatty acid specificity of the lipoxygenase domain to which cAOS is fused. The lipoxygenase reaction was most rapid with the substrate 22.6ω3, and somewhat slower with other C22 and C20 polyunsaturated fatty acids, while no reaction with C18 fatty acids was observed. These investigators also showed that cAOS inactivates after turning over fewer racemic hydroperoxide molecules than the number of preferred R-stereochemistry molecules required for inactivation (7) . An interpretation of this observation is that the nonsubstrate S-stereoisomer is cleaved heterolytically, leading rapidly to inactivation. Although the coral lipoxygenase domain does not react with linoleic acid (7), we show here that 13R-HpODE, a linoleic acid product, does react with the cAOS domain, but the number of turnovers before cAOS is inactivated with this substrate is about 3% of the number observed (7) when the substrate is 8R-HPETE. The number of turnovers before inactivation is significantly smaller for the Y193H mutant, compared to native cAOS ( Figure 5 ). This result suggests that formation of a radical at Y193 allows cAOS to recover more readily from an abortive, heterolytic interaction with hydroperoxide. As the Y193 radical is formed, oxidizing equivalents are drawn away from the heme. Together, these studies indicate that cAOS inactivates via heterolysis of substrates, especially when they do not fit the substrate binding site optimally. This mode of inactivation is likely a means of controlling specificity in the isomer of allene oxide formed when the fusion protein is functioning in the presence of lipoxygenases other than the one in the fusion protein or in the presence of air-oxidized lipids.
It is interesting to speculate that cAOS may actually use a readily formed radical at Y193 to activate polyunsaturated fatty acid substrates, in a manner similar to the cyclooxygenase pathway of prostaglandin synthase (42) . There is normally low-level consumption by lipoxygenases of their hydroperoxide products, to keep the catalytic iron activated as ferric. As noted by others, a problem in maintaining ferric iron arises for the lipoxygenase fused to cAOS because the AOS domain rapidly converts hydroperoxides as they are formed (7) . There is precedent in cyclooxygenase chemistry for the tyrosine radical of intermediate II to abstract hydrogen from polyunsaturated fatty acids (42) . With cAOS, an unsaturated fatty acid could reduce the tyrosine radical and react further with oxygen to give a peroxyl radical. A peroxyl radical would readily oxidize the ferrous iron in the lipoxygenase. For this to be the case, it is important that it has been shown that the hydroperoxide requirement for activation of a lipoxygenase need not be specific to the stereochemistry of the product of that particular lipoxygenase (44) . These possible cAOS radical reactions will be examined in further studies.
